obtained using the absolute intensity changes with those obtained using the relative intensity changes. The fourth section presents the model analysis. Figure S4 presents the 4 basic motions considered, Figure S5 demonstrates that their application to the open-ring geometry results in the closed-ring one, and Figure S6 shows the range of structures that they generate. Figure S7 compares the best matching structure for the time delays before t0 with the one for the late time delays. The fifth section presents the details of the calculation of the ground state structures. The optimized geometries of the four molecules included in the unit cell are shown in Figure S8 , first (a) with all four in the open-ring state, and then (b) after inducing the cyclization in one of them. Finally, the sixth section presents the details of the calculation of the excited state open-ring intermediate structure. Figure S9 shows the partitioning of the system into CASSCF and DFT regions and Figure  S10 shows the optimized geometry. This material is available free of charge via the Internet at http://pubs.acs.org
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Abstract:
The photoinduced ring-closing reaction in diarylethene, which serves as a model system for understanding reactive crossings through conical intersections, was directly observed with atomic resolution using femtosecond electron diffraction. Complementary ab initio calculations were also performed. Immediately following photoexcitation, subpicosecond structural changes associated with the formation of an open-ring excited-state intermediate were resolved. The key motion is the rotation of the thiophene rings, which significantly decreases the distance between the reactive carbon atoms prior to ring closing. Subsequently, on the few picosecond time scale, localized torsional motions of the carbon atoms lead to the formation of the closed-ring photoproduct. These direct observations of the molecular motions driving an organic chemical reaction were only made possible through the development of an ultrabright electron source to capture the atomic motions within the limited number of sampling frames and the low data acquisition rate dictated by the intrinsically poor thermal conductivity and limited photoreversibility of organic materials.
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I. Introduction
Directly resolving the atomic motions involved in various physical, chemical, and biological processes has been achieved through the recent development of ultrabright and ultrafast electron [11] [12] [13] [14] .
More recently however, the molecular motions involved in the insulator-to-metal phase transition and X-ray sources [1] [2] [3] . The strategy consists of exciting the system under study with fs laser pulses and probing its structure via diffraction with synchronized ultrashort electron or X-ray bunches; by varying the time delay between the laser and probe pulses, the recorded diffraction patterns monitor the structural changes. The first studies that attained sufficient diffraction orders to atomically resolved structural dynamics on the relevant time scales focused on relatively simple condensed-phase systems with well defined changes in order parameters [4] [5] [6] [7] [8] [9] [10] . The challenge has been to extend this approach to labile and weakly scattering organic and biological systems in which the structure changes are more complex. Various photoinduced processes in organic crystals have been investigated with time-resolved X-ray diffraction, but so far the limited time resolution (probe pulses on the order of 50 ps or longer) has generally prevented the direct observation of the primary structural dynamics occurring on subpicosecond time scales of a charge-transfer organic system, (EDO-TTF) 2 PF 6 , were successfully resolved with fs resolution using ultrafast electron diffraction (UED) 15 . The structural changes in this organic system were driven by a photoinduced charge transfer process. Nevertheless, despite the numerous successes of ultrafast diffraction techniques, the direct observation of the structural changes relevant to understanding chemical reaction mechanisms, as opposed to phase transitions, has not been achieved to date with sufficient time resolution to resolve the key dynamics involved. This work takes advantage of the recent advance in electron source brightness to directly observe the atomic motions driving reaction dynamics. This new window on chemistry will allow general principles to be established in understanding how far from equilibrium fluctuations couple during barrier crossing events that lead to an enormous reduction in dimensionality and ultimately make chemical reaction concepts transferrable from one molecular system to another.
Of particular interest are solid state organic photochemical reactions. Although great efforts have been deployed towards gas phase diffraction studies [16] [17] [18] , the time resolution attained to date is insufficient (several ps) to capture the relevant motions, and the level of detail with respect to spatial resolution achievable with time-resolved crystallography is incomparable. Moreover, the dynamics are generally better defined in the crystalline state due to the homogeneous intermolecular potential 14, 19 . There are, nevertheless, important challenges with performing 20 . All these characteristics impose strong conditions on the source brightness.
A notable example of a solid state organic photochemical reaction occurs in diarylethene compounds. Diarylethenes with heterocyclic aryl rings are a family of photochromic molecules which undergo photoinduced ring closing (cyclization) and ring opening (cycloreversion) of the molecular system in both solution and the crystalline phase 21 .
Photochromism refers to their ability to undergo such photoreversible isomerization between two ultrafast diffraction studies of solid state organic photochemical reactions. The vast majority of molecular crystals are insulators and they usually have low melting points. The consequence is that low repetition rates must be used to avoid cumulative heating effects that induce both crystal strain and artifacts in the dynamics. More importantly, chemical reactions taking place in the crystalline state are generally irreversible or exhibit a limited number of photo-excitation cycles certain isomers with different absorption spectra. This property, together with their capacity to undergo a large number of cyclization and cycloreversion cycles before significant degradation, make them good candidates for optoelectronic applications such as all-optical memories and switches 21, 22 . For this reason, and also because of the potential application of certain derivatives in their crystalline state to act as light-driven nano-and microactuators [23] [24] [25] , diarylethenes with heterocyclic aryl rings have been the subject of recent extensive study.
The ring closing reaction in photochromic diarylethene also represents a textbook example of classic electrocyclic reactions. A large number of time-resolved spectroscopic and theoretical studies have been performed on these systems, revealing that the cyclization reaction occurs on sub-ps to ps time scales 19, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] and proceeds through the crossing of a conical intersection [40] [41] [42] . To understand the mechanism of ring closing, we need to know the specific motions that direct the system through the barrier cross region or define the conical intersection between the ring-open and -closed electronic surfaces. It is these motions that define the reaction saddle point and effective barrier height. This information is critical to controlling the chemistry of interest. In this regard, all-optical measurements are only indirectly sensitive to the structural changes associated with the reaction and cannot provide a complete atomistic description that is needed to understand the chemistry at the most basic level.
Here we present UED measurements of the ring closing reaction in the single crystal diarylethene derivative 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)perfluorocyclopentene (Scheme 1), performed with our recently developed ultrabright fs electron source 43 . Complementary ab 6 initio calculations are also presented in order to assist the time-resolved crystallography measurements.
Scheme 1
The general considerations and constraints discussed above for solid state organic chemical reactions fully apply to this study. Furthermore, the thermal irreversibility of the isomerization reactions in diarylethene represents an additional experimental difficulty. Following every cyclization pump-probe event, cycloreversion must be photoinduced with a second laser beam to bring the crystal back to its fully open-ring state, further reducing the repetition rate achievable.
However, this property also confers two very important advantages over thermally reversible reactions. First, the thermal stability of the system can be exploited to systematically compare the time-resolved diffraction signal with that of the final product and thus to explicitly monitor the convergence to the ring-closed structure. Second, we can be confident from the well defined photoproduct diffraction when the sample is in the photoreversible regime, independent from the time-resolved signal, which is extremely important to prevent strain-induced effects from biasing the findings.
This study is the first to directly probe the structural changes involved in a solid state organic chemical reaction with sub-ps resolution. It paves the way for the use of UED to determine the key atomic motions involved in complex organic systems. The complementary quantum mechanical calculations also represent a great advance with respect to determining structural 7 minima on excited state potential energy surfaces in the crystalline phase and in the vicinity of conical intersections. The theory greatly complements the experimental studies and analysis, to provide further checks and constraints for extracting the key motions from the diffraction data.
II. Experimental and Computational Methods
Powdered 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)perfluorocyclopentene (Tokyo Chemical Industrial Co.) was dissolved in hexane (5 g/L) and single crystals were grown in the dark by slow solvent evaporation. The crystals were microtomed to 100-150 nm thickness and mounted on standard TEM copper meshes covered with lacey Formvar. Different orientations were obtained by microtoming the single crystals along different planes.
The UED measurements were conducted in transmission mode with a recently developed ultrabright source consisting of a 95 kV DC photoelectron gun in combination with a radio frequency rebunching cavity (details of the system are presented elsewhere 43 ). The pump and electron probe pulses were both derived from the frequency tripled (270 nm) output of a Ti:sapphire oscillator (Coherent Micra) and associated regenerative amplifier system (pulses at 810 nm, 50 fs, and 500 μJ). The electron probe pulses were generated by photoemission from a gold photocathode, followed by subsequent acceleration at 95 keV and compression by a 3 GHz RF cavity. Pulses of 70 fC were used. The UED system has an overall temporal instrument response function of 430 fs, with sufficient stability and signal to noise to extract 100 fs structural dynamics 43 . To induce ring closing, the pump fluence was set to 0.35 mJ/cm 2 at the sample position and the pulses were stretched to approximately 300 fs in order to minimize the peak power to avoid multiphoton ionization artifacts. Only a small fraction of the molecules were converted to the closed-ring form at each cycle. Following each UV pump pulse, a cw Throughout the data collection, independent determination of t 0 -which is subject to drift with the RF compression technique and can compromise the time resolution-was performed once every hour in between scans using the previously described method of photoelectron bunches deflection from laser induced surface plasma on a copper mesh 44 . For the t 0 correction, a 810 nm pulse, collinear and matched in time with the 270 nm pump employed for the UED measurements, was used to generate the plasma.
For each pump-probe event, three distinct diffraction patterns were acquired prior to photoinducing the cycloreversion: before (pump-off), during (pump-on), and after (pump-off, before cycloreversion). The difference in diffraction intensity between the during and before images corresponds to the time-resolved signal, while the difference intensity between the after and the irradiated the sample before images corresponds to the t ∞ signal, effectively the difference between equilibrium closed ring and open ring patterns.
The indexing and orientation determination of the fully open-ring experimental electron diffraction patterns were performed with the help of a simulation program developed in-house, which has been reported previously 15 . The structure obtained previously by X-ray diffraction 23 At this point, it is important to emphasize the significant advance of this work with respect to the UED measurements that we reported previously to complement a spectroscopic study on the same system 19 . In the latter, we demonstrated the feasibility of this experiment and resolved the change in diffraction intensity of one Bragg peak with 10 ps time steps. In the current study, we resolved the UED signal associated to a large number of diffraction peaks, from several crystal best matching structures is presented in Figure . It is similar qualitatively to the calculated product geometry shown in Figure . -1h 3a 1h
The amount of reliable experimental data available to investigate the intermediate structure is limited by the SNR for the various diffraction orders. Nevertheless, the changes in diffraction intensity of the strongest reflections immediately following photoexcitation were compared to those generated by the model structures in order to identify a possible trend with respect to the key motions involved. It was found that the best matching structures are those for which the thiophene rings are significantly rotated while the perfluorocyclopentene ring is only slightly rotated, as shown in Figure  . Higher SNR would be required to precisely extract the intermediate state structure. Nevertheless, we believe this relatively simple method of analysis could prove to be of general importance in extracting structural information from FED measurements of complex organic reactions. Overall, the experimental results and quantum mechanical calculations strongly support the reaction mechanism suggested previously 19, 42 . Following photoexcitation and subsequent internal conversion from higher lying states to the S 1 surface, the molecule relaxes from the 
IV. Conclusion
In summary, UED measurements were performed with sub-ps time resolution to investigate the ring closing reaction of a single crystal diarylethene derivative, fully exploiting its cycling capability and thermal irreversibility. The formation of the closed-ring photoproduct was directly observed, in addition to resolving sub-ps structural changes associated with the formation of the reaction intermediate.
Another significant result is the simple observation that a small number of basic modes could
fully convert the open-ring structure into the closed-ring one. Here we made use of this finding for generating a pool of molecular structures in order to analyze the UED measurements.
However it is more than a mere convenient technicality. Such enormous reduction in dimensionality in barrier crossing regions should be a general observation in complex organic systems. This is what makes chemistry a transferable concept. The exact nature of how low frequency spatially extended modes couple to higher frequency modes to give this reduction is a central issue in chemistry in terms of understanding far from equilibrium fluctuations necessarily involved in chemical processes. The specific motions involved cannot be inferred from static structures alone. The present work paves the way for the use of UED to determine the key atomic motions involved in complex organic systems as part of revealing the general mechanism by which chemistry undergoes dimensional reduction at critical points. The reactions and the scale of the chemical systems that can now be addressed is on par with chemical practice and should be of great utility in helping optimizing desired reaction pathways. As the source technology advances, this approach can ultimately be applied to biological systems as well, where the issues of dimensional reduction and how biological systems coarse grain sample their potential energy surface to transduce chemical potential into functions is a central issue.
